Background and Purpose. The quadriceps femoris (QF) and tibialis anterior (TA) muscles are often activated through the use of electrical stimulation by physical therapists. These 2 muscles are fundamentally different in regard to their fiber-type composition. Whether protocols developed using a given muscle can be applied to another muscle has seldom been questioned, even if they differ in fiber type. The purpose of this study was to test the hypothesis that torque augmentation during variable-frequency train (VFT) stimulation as compared with constantfrequency train (CFT) stimulation in the fatigued state would not differ between these muscles, even though the TA muscle has 50% relatively more slow fibers than the QF muscle relative to each muscle's overall composition. Subjects. Ten recreationally active men with no history of lower-extremity pathology participated in the study (mean ageϭ25 years, SDϭ4, rangeϭ19 -31; mean heightϭ179 cm, SDϭ5, rangeϭ170 -188; mean body massϭ80 kg, SDϭ15, rangeϭ63-111). Methods. The subjects' TA and QF muscles were stimulated with CFTs (six 200-microsecond square waves separated by 70 milliseconds) or VFTs (first interpulse intervalϭ5 milliseconds) that evoked an isometric contraction. Results. After potentiation, the torque-time integral and peak torque were not different for the VFT and CFT stimulation. Rise time was longer for the TA muscle than for the QF muscle and for CFT stimulation versus VFT stimulation (both approximately 40%). After 180 CFTs (50% duty cycle), peak torque decreased 56% overall, with no differences between muscles. Enhancement of the torque-time integral (25%) by VFT stimulation was not different between fatigued QF and TA muscles. Torque augmentation was due to the VFT stimulation evoking 27% greater peak torque and less slowing of rise time than the CFT stimulation (15% versus 30%). Discussion and Conclusion. The results indicate that the QF muscle may not necessarily fatigue more than the TA muscle. The results suggest that VFTs augment the force of fatigued, human skeletal muscle irrespective of fiber type. [Bickel CS, Slade JM, Warren GL, Dudley GA. Fatigability and variable-frequency train stimulation of human skeletal muscles. Phys Ther. 2003;83:366 -373.] 
S
urface electrical stimulation is often applied to human skeletal muscles that differ in fiber-type composition. For example, the tibialis anterior (TA) muscle is sometimes stimulated in an effort to control foot drop. 1 However, we have observed that the quadriceps femoris (QF) muscle is probably the muscle most often activated with electrical stimulation during rehabilitation, thereby serving as the test bed for protocol development. Whether protocols developed using a given muscle can be applied to another muscle has seldom been questioned, despite the fact that the characteristics of individual fibers contribute to a muscle's ability to develop and maintain force. 2 The observation that, on average, the TA muscle has 50% relatively more slow fibers than the QF muscle relative to each muscle's overall composition suggests that this "slow" human skeletal muscle would be more fatigue resistant than its "fast" counterpart, the QF muscle, due to the low energy cost of contraction of slow fibers. [3] [4] [5] The relationship between the supply of and the demand for energy for contraction has a marked influence on one type of fatigue. 6 The ratio of succinate dehydrogenase (SDH) to actomyosin adenosine triphosphatase activity (qATPase) has been used as an estimate of this relationship. 3, 6 Gregory et al 3 recently reported that average fiber SDH:qATPase ratio was similar for the TA and vastus lateralis (VL) muscles, suggesting that the TA muscle may not be more fatigue resistant than the QF muscle. The average fiber in the QF muscle has greater capacity for aerobic-oxidative energy supply to balance out the high energy cost of contraction of fast fibers. 3, 4 Thus, the TA muscle, with 75% slow fibers and about 60% relative slow fiber cross-sectional area (CSA), may have the same capacity as the QF muscle (40% slow fibers and 35% relative slow fiber CSA) to maintain force during stimulation. 3, [7] [8] [9] [10] The ability of skeletal muscle to maintain tension also can be influenced by factors independent of its inherent characteristics, such as fiber-type composition or metabolic enzyme profile. Nowhere do we believe is this more evident than during electrical stimulation. The asynchronous and orderly (slow to fast) recruitment of motor units that occurs during voluntary activation is absent during electrical stimulation. 11 This lack of asynchrony CS Bickel, PT, PhD, is Post-doctoral Research Fellow, Department of Exercise Science, The University of Georgia, 300 River Rd, Athens, GA 30602 (USA) (cbickel@coe.uga.edu). Address all correspondence to Dr Bickel. and orderly recruitment contributes to the increased fatigability observed with electrical stimulation when compared with volitional effort. 11, 12 Variable-frequency trains (VFTs) have been used to counter the increased fatigue associated with conventional electrical stimulation, which uses constant-frequency trains (CFTs). [13] [14] [15] The VFT takes advantage of the "catchlike" property of skeletal muscle, which is the tension enhancement realized when a brief interpulse interval (IPI) is added to the beginning of a relatively low frequency train. 16 Variablefrequency trains enhance the rate of rise in torque as well as peak torque, and thereby the torque-time integral, especially in fatigued muscle. 14, 17 Slow and fast fibers also differ in the frequency of stimulation required to evoke a tetanic contraction. 16 -18 The VFT typically consists of 2 frequencies that are above and below the frequency required for tetanic contraction. Thus, the difference in tetanic frequencies of different muscles may translate into distinct ranges of frequencies for VFTs to effectively enhance the torquetime integral. The frequency required to obtain a tetanic contraction may be reduced due to the slowing of contraction that occurs with fatigue. 19 Thus, increasing the frequency by using VFTs may not produce tension enhancement because the CFT, which was initially subtetanic, may now be sufficient to cause tetanic contraction in the fatigued muscle. The simplest way to exhibit this concept is to assume that a "slow," fatigued muscle has a tetanic frequency of 15 Hz. If a train of pulses were applied to this muscle at 15 Hz, increasing the rate of the first 2 pulses to 50 Hz would not improve rise time or peak torque.
Few studies on animals have investigated the efficacy of VFT stimulation in slow muscle. Rabbit TA muscle (99% fast fibers) stimulated 24 hours per day for greater than 4 weeks at a low frequency to convert to slow muscle loses the advantage offered by the VFT. 20 However, Burke et al 17 showed that slow motor units of the cat demonstrate the "catchlike" property. To our knowledge, there have been no direct comparisons between human skeletal muscles that have large differences in fiber type concerning the effectiveness of VFTs to enhance the torque-time integrals as compared with CFTs. We could find only one published study of the "catchlike" property of the TA muscle, representative of a "slow" human skeletal muscle, in this case examining energy cost of contraction. 21 In our study, we tested 2 hypotheses. The first hypothesis was that fatigue during CFT stimulation would not differ between the TA and QF muscles. The second hypothesis was that force augmentation by a VFT would not differ between these muscles when they are fatigued.
Method

Subjects
Ten recreationally active men with no history of lowerextremity pathology participated in the study (mean ageϭ25 years, SDϭ4, rangeϭ19 -31; mean heightϭ179 cm, SDϭ5, rangeϭ170 -188; mean body massϭ80 kg, SDϭ15, rangeϭ63-111). The left QF muscle and the right TA muscle of each subject were stimulated. All subjects gave written informed consent prior to testing.
QF Muscle Experimental Setup
The QF muscle was stimulated essentially as described previously. 11, [22] [23] [24] [25] Subjects were seated in a custom-built chair with the left hip and knee secured at approximately 90 degrees of flexion. The leg was secured to a rigid lever arm with an inelastic strap in an effort to ensure that the knee extensors could perform only isometric contractions. A Rice Lake 2000A load cell* was attached via a steel rod to the rigid lever arm on one end and an immovable support on the other. The line of pull on the load cell was perpendicular to the rigid lever arm. Thus, the torque produced about the knee was calculated as the product of the load cell force and the length of the lever arm between axis of rotation and the load cell attachment. Two 8-ϫ 10-cm surface electrodes † were placed on the distal vastus medialis muscle and the proximal VL muscle. This electrode placement has been shown to allow recruitment of a large portion of the QF muscle fibers. 11, 25 TA Muscle Experimental Setup Subjects lay supine with their leg resting in a custombuilt apparatus that secured the hip at 20 degrees of flexion, the knee at 35 degrees of flexion, and the ankle at 15 degrees of plantar flexion. The foot was secured to a rigid lever arm with an inelastic strap in an effort to ensure that the ankle dorsiflexors could perform only isometric contractions. The load cell was attached by a steel rod to a rigid lever arm on one end and an immovable support on the other. The line of pull on the load cell was perpendicular to the rigid lever arm. Torque was calculated as the product of the load cell force and the length of the lever arm between the axis of rotation and the load cell attachment. Two 5-ϫ 5-cm surface electrodes † were placed on the proximal and distal portions of the TA muscle.
Electrical Stimulation and Force Recordings
A Digitimer DS7AH electrical stimulator ‡ was triggered by a personal computer with a Keithley KPCI 3108 A/D board § and a customized program written with TestPoint software (version 4.0).
The stimulator delivered six 200-microsecond square-wave pulses with either a CFT or a VFT. The CFT consisted of 6 pulses separated by 70-millisecond IPIs. The VFT had a 5-millisecond IPI between the first and second pulses followed by 4 additional pulses separated by 70-millisecond IPIs. The VFT, with only one brief IPI, was chosen because it has been reported to augment force in a fatigued muscle. 14 Torque from the load cell was sampled at 10 kHz by computer using the KPCI 3108 A/D board.
Experimental Procedure Identical procedures were followed for the QF and TA muscles. Subjects were secured for testing of either the QF or TA muscle as described. Maximal voluntary isometric contractions (MVICs) were performed, and peak torque was recorded. The current necessary to elicit approximately 25% of MVIC was then determined, and the subjects rested for 3 to 5 minutes. The muscle was then potentiated with 6-pulse CFTs that were delivered once every 5 seconds until torque no longer increased. When the muscle was fully potentiated, a CFT and a VFT were delivered. The muscle was then fatigued using 180 six-pulse CFTs delivered at a 50% duty cycle. Immediately following the fatigue protocol, a CFT and a VFT were delivered in random order.
Torque-time integral, peak torque, and the time from 20% to 80% of peak torque (T20 -T80) were determined from the torque recordings. A 3-way analysis of variance (type of stimulation train ϫ muscle ϫ time) for repeated measures over muscle and time was run on each variable using SPSS software (version 10.0).
#
Results
Muscle Fatigue
Stimulation prior to fatigue resulted in greater absolute peak torque (in newton-meters) for the QF muscle than for the TA muscle, but torque relative to MVIC was not different between the 2 muscles (QF muscle mean torqueϭ27% of MVIC, SDϭ3% of MVIC, rangeϭ23%-33% of MVIC; TA muscle mean torqueϭ28% of MVIC, SDϭ10% of MVIC, rangeϭ20%-50% of MVIC) (Fig. 1) . Relative torque decline during the 180 CFTs was not shown to be different between the 2 muscles (QF muscle mean torque declineϭ57%, SDϭ7%, rangeϭ42%-65%; TA muscle mean torque declineϭ55%, SDϭ9%, rangeϭ42%-66% (Fig. 2) .
Torque-Time Integral
There was a 3-way interaction among type of stimulation train, muscle, and time for the torque-time integral (Pϭ.05). A 2-way interaction between type of stimulation train and time (PՅ.001) was partly responsible for the 3-way interaction. The torque-time integral for the VFT and CFT prior to fatigue differed by 5% or less for either muscle (Table) . After the fatigue protocol, however, the VFT enhanced the torque-time integral of the QF and TA muscles by 23% and 29%, respectively (Table) . There was also a 2-way interaction between muscle and time (PՅ.001) when the torque-time integral was expressed in absolute values. This interaction reflected the larger initial value and greater absolute decrease for the QF muscle compared with the TA muscle (Table) . When data were expressed in a relative sense (ie, percentage of MVIC), force loss was not different between the 2 muscles. There was no 2-way interaction between type of stimulation train and muscle, indicating that augmentation of the torque-time integral by VFTs was not shown to be different between the 2 muscles.
Peak Torque
Greater peak torque could contribute to the augmented torque-time integral of fatigued muscle evoked by a VFT. There was a type of stimulation train ϫ time interaction (Pϭ.028) for peak torque, but there was no 3-way interaction (type of stimulation train ϫ muscle ϫ time) (Table) . The VFT and CFT evoked comparable peak torques prior to fatigue (within 5%) (Table) . However, VFTs evoked 25% and 29%, respectively, greater peak torque than CFTs in the fatigued QF and TA muscles (Table) . There was no type of stimulation train ϫ muscle interaction, indicating that the effect of the VFT was not different between muscles. As with the torque-time integral, there was a muscle ϫ time interaction (PՅ.001) for peak torque. Again, this interaction reflected the greater absolute (initial and decrease) peak torque for the QF muscle than for the TA muscle, whereas the relative decrease was not different between muscles (Table, Figs.  1 
and 2).
Time From 20% to 80% of Peak Torque A more rapid rise time also could account for the greater torque-time integral that was evoked in fatigued muscle by the VFT. As for peak torque, there was a type of stimulation train ϫ time interaction (PՅ.001) for T20 -T80, but there was no 3-way interaction for type of stimulation train ϫ muscle ϫ time. In essence, the more rapid T20 -T80 for the VFT was not prolonged as much by fatigue as it was for the CFT (Table) . There were no muscle ϫ time and type of stimulation train ϫ muscle interactions for T20 -T80, suggesting that the slowing of contraction and the effect of the VFT were not different between muscles (Table) . There was a muscle effect (PՅ.001), indicating that the QF muscle was faster than the TA muscle (Table) .
Discussion
We had 2 major findings that supported our hypotheses. First, relative force loss over 180 CFTs did not differ between the TA and QF muscles. Second, both muscles demonstrated augmentation of the torque-time integral by VFTs, due to greater peak torques and more rapid rates of contraction.
Based on fiber type alone, the TA muscle, in theory, should fatigue less than the QF muscle because its greater relative amount of slow fibers would be expected to have less energy demand during contraction. 3 Studies of single fibers from human muscle have shown that the ATP cost of generating force during isometric contraction is lower in slow fibers than in fast fibers. 5 The TA muscle, we believe, would have been expected to have greater capacity for aerobic-oxidative energy supply because slow human fibers have generally been reported to have higher mitochondrial content. 3, 26 However, this may not necessarily be the case, as recently reported by Gregory et al. 3 Average fiber SDH activity was not different in the TA and VL muscles, with the latter muscle being representative of the QF muscle. The relationship between aerobic-oxidative energy supply (SDH) and energy demand of contraction, as reflected by actomyosin myofibrillar ATPase activity (qATPase), may be more indicative of fatigue resistance than mitochondrial content. 27 Because of these findings and because the average fiber SDH:qATPase ratio did not differ between the TA and QF muscles, Gregory et al hypothesized that fatigue would be comparable between muscles. Our results strongly support this hypothesis because the TA and QF muscles each showed about 55% force loss over 180 CFTs.
We believe that aerobic-oxidative energy supply would make a meaningful contribution of ATP during the 2 minutes of intermittent contractions imposed on the TA and QF muscles in our study. We believe the protocol we used would allow sufficient time and blood flow for cellular respiration to increase energy supply and thereby influence performance. Dudley et al 28 previously showed that the sensitivity of respiratory control is so robust that mitochondrial content influences metabolic responses during the first several seconds of intermittent contractions. However, we believe this would not be the case during continuous stimulation, which is sometimes used to examine muscular endurance, because such contractions compromise blood flow and thereby aerobic-oxidative energy supply. 29 The muscles we studied were stimulated with a current sufficient to evoke about 25% of MVIC with 6-pulse trains of about 14 Hz. Potentiation increased torque a few percent, and torque was not different for VFTs and CFTs after potentiation. Nonetheless, it is highly unlikely that more than 50% of the mass of either muscle was being stimulated. 11, 25 Thus, it might be predicted that mainly fast fibers were being activated in both muscles, based on their fiber-type composition and because it is often suggested that surface electrical stimulation reverses recruitment order, with the result being comparable rise times between the TA and QF muscles. 30 -32 However, the results of studies that have utilized techniques such as muscle biopsy to investigate muscle fiber glycogen depletion after electrical stimulation suggest a random pattern of activation. 12, 33 Kim et al 12 have shown that surface electrical stimulation is rather random, with both fast and slow fibers being activated. The mechanical response depends on a muscle's architecture and relative proportion of fast and slow fibers. Our results, we believe, support the contention of a random pattern because rise time was about 40% longer in the potentiated, unfatigued "slow" TA muscle than in the "fast" QF muscle (Table) . This is almost identical to the 50% more slow fibers in the TA muscle compared with the QF muscle. If random activation were the case, we also would predict that fatigue would not differ between the 2 muscles just as we found.
We attempted to determine whether augmentation of the torque-time integral by VFTs would differ between the TA and QF muscles. Fast muscle, with its need for a relatively higher frequency to produce tetany, theoretically is well designed to take advantage of the short IPI of VFTs performance is augmented. In contrast, the inherent contractile properties of slow muscle may 20 or may not 17 limit the influence of VFTs. For example, rise time and peak torque of a slow, fatigued muscle with an assumed tetanic frequency of 15 Hz would not increase if such a muscle were stimulated with a 50-Hz train. After potentiation, we found both comparable peak torque and torque-time integral between CFT and VFT activation in the TA muscle or the QF muscle even though the VFT was 65 milliseconds shorter. This occurred because the VFT evoked a more rapid rise time than the CFT. Rise time was markedly prolonged with fatigue for the CFT for both muscles, as expected. 34 There was little change for the VFT; thus, its more rapid rise time and greater peak torque resulted in a greater torque-time integral even though the VFT's duration was 20% shorter than that for the CFT. In addition, this effect was not different between the TA and QF muscles. The TA and QF muscles showed 29% and 23% more augmentation, respectively, in the torque-time integral with VFTs. Corresponding increases in peak torque were 29% and 25%. The 14.3-Hz stimulation from the CFT is probably closer to the fusion frequency of the TA muscle than that of the QF muscle, based on our rise time data, yet the VFT still caused an increase in the T20 -T80 for the TA muscle. This finding suggests to us that the slow fibers in the TA muscle were probably not being activated at a frequency sufficient to evoke tetanus, as we believe was the case for the fast fibers that were stimulated. As a result, the brief IPI at the beginning of the train augmented rise time and peak torque.
The extent of fatigue and force augmentation by VFTs that we found is comparable to that reported previously for the QF muscle by Binder-MacLeod and colleagues. 14, 15 For example, they reported that a VFT with one brief IPI can enhance force-time integrals in the fatigued QF muscle from 19% to 36%. 14, 15 Russ and Binder-MacLeod 15 reported that the peak force of the QF muscle declined by about 44% and that there was subsequent force augmentation with VFTs for up to 37 minutes. We showed declines in peak torque of about 55%, and the VFT enhanced the torque-time integral of the fatigued QF muscle by about 23% when compared with a CFT; these percentages are well within previously reported values.
Conclusions
We believe that our results have clinical implications. The TA muscle represents two thirds of the dorsiflexors, which control foot drop and aid in toe clearance during gait. 35 Approximately 20% of people who have had a stroke have some degree of foot drop, 1 and people with other diagnoses often have foot drop, including those with incomplete spinal cord injury, multiple sclerosis, and acquired brain injury. Thus, there is a large group of patients undergoing rehabilitation who potentially could benefit from application of functional electrical stimulation to the dorsiflexors during ambulation. We showed torque augmentation with identical VFT stimulation variables in 2 skeletal muscles with different fiber types. Thus, protocols developed on the QF muscle also may be effective on the TA muscle, despite the large difference in fiber-type composition.
The results of our study indicate that fatigue during intermittent surface electrical stimulation was not different between the QF and TA muscles. Our results suggest that VFTs can augment force of fatigued human skeletal muscle irrespective of fiber type. Because the TA and QF muscles represent the "extremes" of fiber-type composition for most human skeletal muscles (see Gregory et al 3 ) except under the most trying conditions (for a review, see Castro et al 23 ), application of VFTs as done in our study may prove beneficial for assisting human skeletal muscles to perform functional movements with less fatigue.
